Abstract: Experiments and simulation analysis for tensile strength of Z-pinned laminates were conducted in both room temperature and dry and hot-wet environments. The results of the experiments show that the fracture of [0] 6 specimen with Z-pins was longitudinally torn, and there was a row of Z-pins at the fracture of [(±45)/(0,90)] 2S specimen with Z-pins. It could be observed that the hot-wet effect on the tensile strength of the Z-pinned laminates increased with percentage of 0-direction fibers decreasing in the laminates from the experiments of the unidirectional tape laminates and the woven cloth laminates. When the volume content of Z-pin increased, the hot-wet effect on tensile strength of Z-pinned [45/0/-45/90] 2S laminates with Z-pins would become smaller and smaller. The simulation method of the hot-wet effect on tensile strength of the laminates was combined with the experiment and the finite element analysis. It used 14 nonlinear springs to simulate the longitudinal tearing of [0] 6 specimen with Z-pins. The simulation results showed that Z-pin played a role of fulcrum, and because of the lever principle, the fiber bundles were torn at both tips in resin-rich area.
Introduction
The laminated structures have good in-plane properties, but their interlaminar properties are relatively weak, and the interlaminar shear strength between laminates is low [1] . The lower interlaminar shear strength between laminates may cause lower strength at joints of laminated structures. These, as a result, limit the applications of laminates in some load environments. To resolve such problems, some methods can be used: Z-pin, stitching, 3-D weaving, tufting, and using carbon nanotube (CNT) to increase the matrix's fracture toughness (form the carbon fiber/CNT-matrix multiscale hybrid composites) [2] [3] [4] [5] [6] [7] . Of these methods, the Z-pin technology has the following advantages: the effect of Z-pin on in-plane properties is small, the laminates can get higher Z-pin volume density, the technology is simpler, and the Z-pinned laminated structures can be cured adopting the autoclave. Z-pin technology is usually used to reinforce the strength of laminated joints and the periphery strength of openings in laminates [8] [9] [10] [11] [12] . Compared with the nonpinned laminated structures, the Z-pinned laminated structures have higher damage tolerance and safe life [13] [14] [15] .
At the time of enhancing the interlaminar properties of the laminates, embedding of Z-pin also affects the inplane properties of the laminates. Correspondingly, some studies on in-plane properties of Z-pinned laminates have been conducted. Brien et al. [16] [17] [18] have studied the compressive properties of the Z-pinned laminates, and their research indicates that the fiber waviness of Z-pinned laminates is increased compared with nonpinned laminates, and a resin-rich area is generated at the same time so that the local fiber content is decreased. When the laminates are compressed because of the increase in fiber waviness and the decrease in local fiber content, the laminates will buckle under a small critical load. Chang et al. [19] have researched the tensile properties of Z-pinned laminates, and they found that the reasons why the inplane tensile properties of Z-pinned laminates are lower than nonpinned laminates include the following: Z-pins cause the deflection of the fibers, from which a resin-rich area is formed between the upper and the lower deflection fibers, and the formation of the area decreases the local content of fibers. They also found that the length of the resin-rich area around a small pin whose diameter is 0.3 mm is 2.0 mm and width of the tape of deflection fibers is 0.8 mm; the length of the resin-rich area around a big pin whose diameter is 0.5 mm is 2.8 mm and width of the tape of deflection fibers is 1.5 mm. Mouritz et al. [20] have researched the tensile fatigue property of Z-pinned laminates, and they found that after being Z-pinned, the tensile fatigue life of Z-pinned laminates becomes shorter, and the decreasing degree is related to the stacking sequence of the laminates. Li et al. [21] have researched the compressive properties of Z-pinned laminates under the hot-wet environment. The compressive strength of Z-pinned laminates reduces as the result of superimposition of some factors, including the changes in the properties of a single ply caused by the hot-wet environment, the deflection of fibers, and the resin-rich pocket caused by Z-pin. Mouritz [22] has conducted the Z-pin bridging force experiment and the double cantilever beam experiment under the hot-wet environment, from which Mouritz found that the hot-wet environment weakens the strength of interface between the Z-pin and the laminates and reduces Z-pin bridging force as well as mode I fracture toughness of Z-pinned laminates. Mouritz [23] has also researched the effect of the hot-wet environment on structural properties of Z-pinned T-joints, and the experiment proves that in hot-wet environment, the maximum pull off force of Z-pinned T-joints reduces greatly. Son et al. [24] have researched the fatigue property of the single-lap joint with stainless steel Z-pins in the hot-wet environment, and the results show that the fatigue strength of Z-pinned joints increases 48.3% compared with that of nonpinned joints at a million cycles of repeated loads. Moreover, Knaupp et al. [25] have compared the tensile properties of the unidirectional laminates with the cuboid Z-pin and the cylinder Z-pin. They found that the decreasing range of in-plane properties caused by the cuboid Z-pin is smaller than that caused by the cylinder Z-pin because the fiber waviness and the resin-rich area caused by the cuboid Z-pin are smaller.
Although such studies have been conducted, the effect of the environment on the tensile strength of Z-pinned laminates has not been fully presented. This paper will help present the studies on the tensile strength of Z-pinned laminates and the corresponding numerical simulation in room temperature and dry (RTD) and the hot-wet environment.
Materials and methods
Z-pin is made of T300 carbon fiber bundle that adheres to epoxy before curing, and its diameter is 0.3 mm. The single-ply thickness of the unidirectional tape (U3160/5224) is 0.167 mm, and the single-ply thickness of the woven cloth (CF3052/5224) is 0.285 mm. The experiment standard follows the American Society for Testing and Materials: D3039/D3039M-00. The geometric sizes of the specimens are shown in Table 1 , where P denotes ply stacking 
Results and discussion
The results of the experiments are shown in Table 3 , where P denotes ply stacking sequence, S spacing, C volume content, D diameter, E environment, TS tensile strength, and CV coefficient of variance. In the RTD environment, the tensile experimental results of [0] 6 specimens show that the average tensile strength of the specimens containing 0.44% Z-pins decreases 9.4% compared with that of the nonpinned specimens. The main reasons for that are as follows: the Z-pin causes deflection of fibers, and the resin-rich area reduces the local content of fibers. The fracture shapes of Z-pinned and nonpinned specimens are shown in Figure 1 , in which, W1, W3, W4, and W5 are the nonpinned specimens -their fracture shapes are flat; Z1, Z2, Z3, and Z4 are the Z-pinned specimens -their fracture shapes are not flat and the fibers are torn because the resin-rich area around Z-pin easily generates longitudinal crack, and the spreading of the crack makes the fiber bundles split. In the RTD environment, the fracture shape of [(±45)/ (0,90)] 2S specimen with Z-pins is shown in Figure 2 . In the figure, there is a row of Z-pins at the fracture, in which the connecting line is perpendicular to the tensile direction. Because the Z-pins are perpendicular to the tensile direction and do not bear the tensile load, the existence of the Z-pins divides the specimen's cross section into two types (see Figure 3 ). When the specimen bears the axial tensile load, the effective bearing-tension area of the cross Section 1 is that the specimen width multiplies by the specimen thickness, and the effective bearing-tension area of the cross Section 2 is that the specimen width subtracts diameters of the six Z-pins and then multiplies by the specimen thickness. Therefore, under the same tensile load, the stress (equals the tensile load divide by the effective bearing-tension area) at the cross Section 2 is larger, and the fracture of the specimen shall first occur at the cross Section 2. All of the quasi-isotropic specimens with Z-pins have similar fracture shapes. RTD, and the tensile strength of P5 specimens decreased 8.1% than in RTD. In P4 laminates, the content of (0,90) woven cloth is 100%; in P6 laminates, the content of (0,90) woven cloth is 55.6%; and in P5 laminates, the content of (0,90) woven cloth is 50%. Thus, it can be concluded that with the decrease in the content of (0,90) woven cloth in the woven cloth laminates, the hot-wet effect on the tensile strength of the laminates increases. Further, it can be observed that the hot-wet effect on the tensile strength of the laminates increases with the content of 0-direction fibers in the laminates decreasing from Table 4 . The main reason for the observed phenomenon is that the hot-wet effect on resin is larger than that on carbon fibers. Figure 5 shows the tensile strength of [45/0/-45/90] 2S specimens with different volume contents of Z-pin in RTD and hot-wet environment. The tensile strength of quasiisotropic specimens with 0.44% content decreased 8.0% in the hot-wet environment than in RTD. The tensile strength of the specimens with 1.5% content decreased 5.7% in the hot-wet environment than in RTD. Moreover, the tensile strength of the specimens with 3.1% content decreased 1.9% in the hot-wet environment than in RTD. Thus, it can be observed that with the increase in Z-pin volume content, the hot-wet effect on the tensile strength of the laminates becomes smaller. The main reason for the change is that the resin content on the fracture cross [90] 12 specimen decreased 12.2% than in RTD. Hence, it can be observed that with the decrease in the content of 0-direction fibers in the laminates, the hot-wet effect on the tensile strength of the unidirectional tape laminates becomes larger. In the hot-wet environment, the tensile strength of P4 specimens decreased 5.6% than in RTD, the tensile strength of P6 specimens decreased 7.1% than in section decreases with the increase in Z-pin's content, and the fracture cross section is as shown in Figure 6 . When the content of Z-pin increases, the number of Z-pins on the fracture cross section will increase, the resin will decrease, and the fibers of laminates will deflect on both sides of Z-pins. Therefore, when the content of Z-pin increases, the content of resin on the fracture cross section will decrease. Of course, the observed conclusion has a premise condition that the moisture absorption ratios of the resin and carbon fibers in specimens reach saturation. When the moisture absorption ratios of the resin and carbon fibers in specimens reach saturation, the moisture absorption ratios will not be enlarged by the increasing of Z-pins; maybe the moisture absorption ratios of Z-pinned laminates will be enlarged by the increasing of Z-pins because the cracks in the resin-rich area will play a role of storing the moisture.
Simulation and analysis
To have a better picture of the tensile strength of Z-pinned laminates in the RTD and hot-wet environment, finite element analysis (FEA) is used to foretell the tensile strength of Z-pinned laminates. To minimize the effect of the boundary on the simulation results, the Z-pin cellular model is adopted to forecast the tensile strength of Z-pinned laminates. The side length of each unit cell is equal to the Z-pin spacing, and the holes are used to simulate the resin-rich areas.
Tensile simulation of Z-pinned specimens
The 9-cell model is applied for FEA, as shown in Figure 7 , and the side length of each unit cell is 4 mm (Z-pin spacing). The holes are used to simulate the resin-rich area. The hole length is 2 mm [19] , the hole width is 0.3 mm (Z-pin diameter), and the radius of circular arc Figure 8 , and the curvature of the fibers in the tape is K. The width of the hole will not decrease when the model is stretched due to the fact that there is a Z-pin with larger radial rigidity in the resin-rich area. Therefore, a spring with larger rigidity (K = 10,000 N/mm) is added in the hole to restrict the width from decreasing, as indicated in Figure 8 . Boundary conditions of the model include the following: all freedoms of the nodes on the left boundary are restrained, and five kinds of freedoms of the nodes on the right boundary are restrained, except for the X-direction displacement. Moreover, the nodes are linked with Node 10,000 by using rigid body element, form 2 (RBE2); an X-direction displacement is applied to Node 10,000. The hot-wet effect is simulated by adjusting the properties of a single ply, as the adjustments are determined by the experiments of nonpinned lamina in the RTD and hot-wet environment. The tensile modulus of the lamina in the hot-wet environment decreases by 1.9% compared with that in RTD, and the tensile strength and Poisson's ratio of the lamina in the hot-wet environment decrease by 7.6% and 6.3%, respectively, compared with those in RTD. (More accurate simulation also includes the changes of the compressive properties of the single ply, as well as the changes of the shear properties.) The mechanical properties of the lamina are as shown in Table 5 . 
The maximum stress criterion and progressive failure analysis are applied in the simulation, and the model is made up of 6048 bilinear thick-shell elements. The stressstrain curves of the [0] 6 model are shown in Figure 9A . The slope of the line in the hot-wet environment is slightly smaller than in RTD. In the RTD environment, the tensile strength of [0] 6 specimens obtained from the simulation is 5.7% smaller than the experimental result; this is because using the hole to simulate the resin-rich area decreases slightly the simulation result. In the hot-wet environment, the tensile strength of [0] 6 specimens obtained from the simulation is 6.7% smaller than the experimental result. shown in Figure 9B . In the RTD environment, the tensile strength obtained from the simulation is 1.5% smaller than the experimental result, and in the hot-wet environment, the tensile strength obtained from the simulation is 1.3% smaller than the experimental result. It can be observed that the method of simulating the hot-wet effect is reliable, as shown from the comparisons between the simulation and the experimental results. It can be concluded that compared with nonpinned laminates, the tensile strength of Z-pinned laminates decreases as the result of superimposition of some factors, including the changes in the properties of the resin and carbon fibers caused by the hot-wet environment, the deflection of fibers, and the resin-rich area caused by Z-pin. This method is a combination of the experiment and FEA. The experiment can be used to determine the hot-wet effects on the properties of the single ply, and the experiment is accurate in studying the hot-wet environment, but it is impossible for each laminate to be experimented as it will be too costly. FEA is a mature method in the application of the classic laminates theory, and it is very accurate in using the mechanical properties of the single ply Table 5 : Mechanical properties of the lamina.
to simulate the mechanical properties of laminates and laminated structures. 
Tearing simulation of [0] 6 specimen with Z-pins
In the experiment, it was found out that there was tearing at the fracture of [0] 6 specimen with Z-pins, as shown in Figure 1 . This phenomenon will be explained by FEA below. In a cell, the nodes on the symmetry axis of the cell are connected with nonlinear springs; there are 14 nonlinear springs, as shown in Figure 12 . The mechanical properties of the nonlinear springs are related to side lengths of relevant elements, tensile strength of the resin, and mode I energy release rate. The corresponding side length of relevant elements is 0.167 mm. As Figure 12 shows, the tensile strength of the resin is 15 MPa, and the mode I energy release rate (G 1C ) is 150 J/m 2 . Therefore, the energy released from the extension of a side length of the crack is 0.167 × 10 N·m = 2.51 × 10 -2 N·mm (1.002 mm is the element thickness), and the maximum tensile resistance of the resin with corresponding area is 0.167 × 1.002 × 15 = 2.51 N. From the previously mentioned data, the mechanical curves of the nonlinear springs can be obtained as shown in Figure 13 . In this figure, the triangle area enclosed by the two lines of L1 and L2 as well as abscissa axis is 2.51 × 10 -2 mm 2 , which denotes that the spring's stored energy is 2.51 × 10 -2 N·mm; the triangle height is 2.51 mm, which denotes that the maximum load borne by the spring is 2.51 N. The stiffness expression of nonlinear springs is shown in Equation (4) (unit: N/mm): 376.5, ( 0 0.00667 ) 3.765 -188. 25 ( 0.00667 0.02 )
The X-component stress distribution of the cell obtained from FEA is as shown in Figure 14 . From the figure, it can be seen that when the cell suffers tensile load, two long cracks appear at the hole's tips, which are identical to the experimental results: the fiber bundles were torn at [0] 6 specimen with Z-pins. When the middle spring with larger stiffness is removed, the corresponding tensile simulation results can be seen in Figure 15 . The figure shows that after the middle spring is removed, there is no crack at the hole's tips, while the hole width is decreased greatly. Therefore, it can be concluded that in the process of tension, the middle spring plays a role of fulcrum, and due to the lever principle, the cracks appear at the hole's tips and extend forward. In fact, the Z-pin in the resinrich area plays the role of the middle spring. Therefore, the phenomenon that tears fiber bundles appeared at the fracture of [0] 6 specimen with Z-pins.
Conclusions
The experiments have generated the following results: the fracture shapes of [0] 6 specimens without Z-pin were flat, the fracture shapes of [0] 6 specimens with Z-pin were not flat, and the fiber bundles were torn apart. There was a row of Z-pins at the fracture of [(±45)/(0,90)] 2S specimen with Z-pins, in which the connecting line was perpendicular to the tensile direction. As the Z-pins were perpendicular to the tensile direction and did not bear the tensile load, the Z-pins divided the specimen's cross section into two types, in which stresses were different. It could be concluded that the hot-wet effect on the tensile strength of the Z-pinned laminates increased with the content of 0-direction fibers decreasing in the laminates from the experiments of the unidirectional tape specimens and the woven cloth specimens. The main reason for this result is that the hot-wet effect on resin is larger than that on carbon fibers. Although the volume content of Z-pin increased, the hot-wet effect on the tensile strength of [45/0/-45/90] 2S specimens with Z-pins would become smaller and smaller.
The simulation method of hot-wet effects on the tensile strength of the laminates is as follows: the hot-wet effect on tensile properties of the single ply can be determined by experiment, and then use FEA to simulate the hot-wet effect on laminates and laminated structures. This method is a combination of experiment and FEA, and the reliability of the method has been verified by the simulation results. It can be concluded that compared with nonpinned laminates, the tensile strength of Z-pinned laminates decreases as the result of superimposition mechanism: the hot-wet effect on the properties of the single ply, the Z-pin on the deflection of fibers, and the local content of fibers. Moreover, the simulation results explain the tearing mechanism of the [0] 6 laminates with Z-pins: Z-pin plays the role of fulcrum, and due to the lever principle, the fiber bundles are torn at both tips in resin-rich area.
